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Appendix. 


Introduction: 


It  is  widely  believed  that  the  accumulation  of  genomic  aberrations  occurs  very 
early  in  the  process  of  mammary  tumorigenesis  and  may  precede  morphologic  changes 
[1,  2,  3].  Therefore,  development  of  methods  which  permit  the  reliable  identification  of 
these  early  genetic  changes  in  mammary  cells  obtained  through  non-invasive  or 
minimally  invasive  approaches  such  as  ductal  lavage  or  nipple  aspiration,  will  greatly 
benefit  early  detection  of  breast  cancer.  Our  group  has  recently  made  an  important 
observation  while  working  on  another  project  related  to  the  characterization  of  early 
genomic  changes  in  mammary  glands  of  high  risk  women,  a  project  funded  also  by  the 
DOD  breast  cancer  program  (DAMD17-99-1-9193).  We  have  found  that  genomic 
changes  in  the  form  of  LOH  at  relevant  markers  occurs  not  only  in  histologically 
abnormal  and  malignant  breast  tissues,  but  also  in  morphologically  normal  tissues  as  well 
as  in  areas  with  pathologically  benign  changes.  This  is  the  first  study  to  demonstrate 
genetic  changes  in  the  form  of  LOH  in  morphologically  normal  mammary  tissues  and  in 
benign  tissues  from  breast  cancer  patients  that  are  carriers  of  mutations  in  the  BRCAl  and 
BRCA2  genes.  Such  changes  may  represent  the  earliest  detectable  genomic  aberrations 
that  occur  during  the  development  and  progression  of  breast  cancer  in  these  high-risk 
patients.  These  findings  are  currently  in  press,  in  Cancer  Genetics  and  Cytogenetics.  [1]. 
(A  copy  of  the  manuscript  is  included  with  this  report,  for  your  review).  The  implications 
of  these  findings  for  early  detection  of  breast  cancer  in  high-risk  women  are  clear. 
Specifically,  the  ability  to  detect  genetic  alterations  in  the  ductal  fluid  obtained  through 
nipple  aspiration  or  lavage,  will  offer  an  excellent  opportunity  to  improve  early  detection 
of  the  disease.  But  why  look  in  the  ductal  fluid? 

The  optimal  method  for  early  detection  of  breast  cancer  in  premenopausal  women 
is  not  known.  Currently,  mammographic  screening  is  the  best  available  approach  for 
early  detection  in  the  general  population.  However,  mammography  alone  may  not  be 
sufficient  in  young  women,  for  the  following  reasons:  (a)  effectiveness  of  mammography 
has  not  been  established  in  women  younger  than  40  since  younger  women  have  more 
dense  breast  tissue,  which  reduces  mammographic  sensitivity  [4],  (b)  tumor  growth  rates 
may  be  higher  in  younger  women  thereby  necessitating  frequent  screening,  and  (c) 
carriers  of  some  mutations  (such  as  ataxia  telangiectasia)  may  have  increased  sensitivity 
to  radiation  and  conceivably  could  be  harmed  by  frequent  mammograms  [5].  Therefore, 
there  is  a  critical  need  to  develop  screening  methods  to  augment  mammography  for  the 
early  detection  of  breast  tumors,  particularly  in  high-risk  women,  such  as  BRCAl  or 
BRCAl  mutation  carriers,  who  face  markedly  elevated  risks  of  developing  early  onset 
breast  cancer.  One  approach  would  be  the  use  of  molecular  markers  associated  with 
neoplastic  changes  in  a  screening  strategy  for  early  detection.  But  what  molecular 
markers  to  use? 

Recent  studies  have  shown  the  presence  of  several  mitochondrial  DNA  (mtDNA) 
mutations  in  a  variety  of  tumor  types,  including  breast,  colorectal,  bladder,  head  and 
neck,  and  lung  tumors  [6,  7,  8].  A  mtDNA  mutation  at  the  microsatellite  marker  D310,  a 
mononucleotide  repeat  of  300-315  nucleotides  which  is  located  at  the  D-loop  region  of 
mitochondrial  DNA  and  involved  in  the  mtDNA  replication  process,  was  reported  to  be 
altered  in  about  30%  of  breast  cancers.  Mutations  at  this  region  are  common  in  primary 
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human  tumors,  including  breast  cancer  and  are  likely  to  have  functional  relevance  in 
tumor  development  [9].  In  addition,  and  as  described  above,  LOH  is  both  an  early  and  a 
common  event  in  breast  cancer  progression  [1].  Therefore,  development  of  a  method  to 
detect  genomic  aberrations  in  mammary  epithelial  cells  is  an  exciting  opportunity  for 
improving  the  detection  of  breast  cancer  at  an  early  stage,  particularly  if  performed  on 
cells  obtained  through  non-invasive  or  minimally-invasive  approaches  such  as  nipple 
aspiration  (NAF)  and  ductal  lavage  (DL). 

Nipple  aspirate  fluid  (NAF)  has  been  studied  for  many  years  as  a  non-invasive 
method  to  examine  changes  in  breast  biology  and  to  identify  women  with  high  risk  of 
breast  cancer  or  preclinical  disease  [10].  NAF  is  secreted  continuously  by  the 
non-lactating  breast  and,  in  50-70%  of  premenopausal  women,  it  can  be  aspirated  through 
ductal  openings  in  the  nipple  using  a  simple,  non-invasive  pump.  NAF  is  of  interest 
because  it  has  a  relatively  long  retention  time  in  the  breast  alveolar-ductal  system  where 
it  accumulates  exfoliated  mammary  epithelial  cells  [10,  11,  12].  Evaluating  these  cells 
may  provide  not  only  a  "snapshot"  of  the  micro-environment  where  breast  cancer 
originates,  but  also  a  realistic  opportunity  to  improve  the  detection  of  breast  tumors  at 
their  earliest  stages.  However,  a  major  hurdle  impeding  the  success  of  our  assays  is  the 
low  cellularity  and  low  volume  of  NAF  samples.  The  typical  NAF  sample  from  a  woman 
with  no  breast  abnormalities  is  about  10  |xl  in  volume  and  contains  fewer  than  10  ductal 
epithelial  cells  [10].  One  very  promising  new  approach  to  overcoming  these  two  issues 
has  recently  been  designed  and  tested:  Breast  Ductal  Lavage. 

Ductal  lavage  [13]  is  a  new,  minimally  invasive  technique  developed  to  evaluate 
the  ductal  fluid  and  cells.  A  small  catheter  is  inserted  into  the  duct.  Saline  is  instilled  and 
the  breast  is  massaged  to  dislodge  cellular  material  lining  the  duct.  The  fluid  is  then 
collected  for  analysis.  In  a  recent  study  [13],  ductal  lavage  was  performed  on  greater  than 
500  high-risk  women  at  19  breast  cancer  centers.  Atypical  cells  were  seen  in  17%  of 
patients  and  suspicious  or  malignant  cells  were  identified  in  7%  of  patients.  The  lavage 
procedure  also  resulted  in  specimens  sufficient  for  cellular  analysis  in  a  far  greater 
number  of  patients  than  did  nipple  aspiration;  in  fact,  ductal  lavage  produced  an  average 
of  40,000  cells  per  duct.  This  high  yield  of  cells  makes  it  much  more  likely  that 
sufficient  cells  would  exist  for  both  cytologic  analysis  and  for  genetic  studies.  In 
addition,  this  procedure  allows  the  physician  to  pinpoint  the  specific  duct  from  which  the 
abnormal  cells  originated,  so  that  a  specific  area  of  the  breast  can  be  more  thoroughly 
evaluated  and  more  closely  followed. 

Body: 

In  this  project,  we  are  investigating  the  possibility  of  using  the  ductal  lavage  fluid  and  the 
nipple  aspirate  fluid  to  detect  mitochondrial  DNA  mutations  as  an  early  sign  of  breast 
cancer  and  to  determine  the  optimal  method  for  detection  of  theses  mutations.  We  have 
initiated  an  active  collaboration  with  Dr.  David  Sidransky  and  his  group  at  Johns  Hopkins 
University  to  study  mtDNA  mutations  in  the  ductal  fluid.  Dr.  Sidransky's  group 
discovered  that  mtDNA  mutations  at  the  microsatellite  marker  D310  in  the  DL  and  NAF 
fluids  is  present  in  over  30%  of  breast  cancers  [9].  Our  working  hypothesis  is  that  women 
with  early-stage  breast  cancer  may  have  mtDNA  mutations  in  mammary  epithelial  cells 
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shed  into  the  nipple  aspirate  fluid  (NAF)  and  the  ductal  lavage  (DL)  fluid  which  can  be 
used  as  a  marker  for  screening  and  detection  of  early  disease.  In  addition,  we  hypothesize 
that  mtDNA  mutations  in  NAF  and  DL-derived  cells  are  representative  of  those  found  in 
tumor  tissue  in  the  same  breast.  Through  our  collaboration  with  Dr.  Sidransky,  we  were 
successful  to  set  up  the  assay  for  the  detection  of  mutations  at  the  D310  marker  in  the  DL 
and  the  NAF  fluids. 

Use  of  the  free  DNA  isolated  from  NAF  and  DL: 

We  developed  an  approach  that  allows  the  isolation  of  free  DNA  from  the  lavage  fluid, 
thereby  leaving  the  entire  cellular  content  for  cytological  analysis.  This  approach  offers 
the  distinct  advantage  of  allowing  the  cytopathologist  to  evaluate  all  the  recovered  cells, 
while  enough  free  DNA  can  be  isolated  and  used  for  PCR  based  assays.  We  have  also 
successfully  isolated  free  DNA  from  the  NAF  fluid  for  molecular  evaluation  by  PCR. 
The  isolated  DNA  was  used  to  detect  mitochondrial  DNA  (mtDNA)  mutations. 

mtDNA  mutation  analysis  in  DL  and  NAF  samples: 

We  have  performed  ductal  lavage  on  a  total  of  14  subjects:  nine  BRCAl  carriers  and  five 
true-negatives.  Of  these,  seven  had  adequate  material  for  cytologic  analysis  and  only  one, 
a  BRCAl  mutation  carrier,  demonstrated  focal  minimal  atypia.  The  remainder  had 
benign  findings.  A  total  of  26  DL  specimens  were  obtained. 

The  DL  specimens  were  evaluated  for  mitochondrial  DNA  mutations  at  the  microsatellite 
marker  D310,  located  at  the  D-Loop  region  using  a  PCR  based  assay.  The  mitochondrial 
studies  were  possible  in  all  26  DL  samples.  In  three  of  the  carriers,  D310  length 
difference  between  the  DL  samples  and  the  corresponding  blood  sample  (somatic 
mutation)  was  found.  No  mtDNA  mutations  were  detected  in  the  true-negative  subjects. 
Figure  la  shows  examples  of  DL  samples  with  no  mtDNA  mutations  and  Figure  lb 
shows  an  example  of  a  DL  sample  with  a  mtDNA  mutation.  We  also  evaluated  six  NAF 
samples  from  four  patients  (two  carriers  and  two  non-carriers)  for  mitochondrial 
mutations.  The  evaluation  was  possible  in  four  of  the  six  samples.  A  mutation  was 
detected  in  one  sample  from  a  carrier  whose  DL  from  the  same  duct  also  showed  the 
same  mutation  (Figure  lb).  Three  samples  had  no  evidence  of  mutations,  and  no 
mutations  was  seen  in  their  corresponding  DL  samples  either.  In  all  four  NAF  samples, 
the  mitochondrial  DNA  findings  were  consistent  with  the  corresponding  DL  findings. 
The  patients  with  mitochondrial  abnormalities  in  the  DL  fluid  had  normal  physical  exam, 
a  normal  mammogram  and  normal  findings  on  FDG-PET  scan.  The  patients  continue  to 
be  elosely  monitored. 

LOH  analysis  of  the  DL  and  NAF  fluids: 

Because  of  the  very  exciting  results  that  we  obtained  from  our  other  DOD  funded  project 
[1],  namely  the  detection  of  genetic  changes  in  the  form  of  LOH  in  morphologically 
normal  mammary  tissues  and  in  benign  tissues  from  breast  cancer  patients  that  are 
carriers  of  mutations  in  the  BRCAl  and  BRCAl  genes,  described  above,  we  plan  to 
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perform  LOH  at  relevant  markers,  on  the  same  fluid  specimen  used  for  the  mitochodrial 
studies.  The  ability  to  conduct  more  then  one  molecular  assay  on  the  same  fluid  sample 
offers  a  tremendous  advantage  for  early  detection  of  breast  cancer,  as  it  increases  the 
chances  to  detect  an  early  molecular  change  which  in  turn  may  indicate  the  presence  of 
an  early  cellular  transformation. 

A 

N  DL1  DL2  DL3 


Figure  1:  Analysis  of  the  D310  marker  in  DL  samples  from  two  different  patients.  Figure 
la  shows  the  analysis  of  the  D310  marker  in  three  DL  samples  obtained  from  three 
different  ducts  from  the  same  patient,  a  non-carrier  of  the  BRCAl  mutation  (Lanes  DLl, 
DL2,  DL3).  No  mtDNA  mutation  was  found.  Lane  N  shows  the  D310  pattern  in  the 
blood.  Figure  lb,  shows  a  mutation  (arrow)  at  the  D310  marker  observed  in  a  DL  sample 
(Lane  DL)  and  in  the  NAF  sample  (Lane  NAF)  from  another  case,  a  BRCAl  carrier.  Lane 
N  shows  the  D310  pattern  in  the  blood  of  that  patient. 

Key  Research  Achievements: 

-Optimized  conditions  to  detect  mtDNA  mutations  in  the  D310  marker  in  DL  and  NAF. 
-Obtain  NAF  and  DL  specimens  from  14  patients;  nine  BRCAl  mutation  carriers  and  five 
negative  controls. 

-Successfully  evaluate  26/26  DL  samples  and  4/6  NAF  samples. 

Reportable  outcomes:  N/A 
Conclusions: 

We  plan  to  perform  mitochondrial  studies  on  additional  fluid  specimens.  Furthermore, 
because  of  the  very  exciting  results  mentioned  above,  we  would  like  to  perform  other 
molecular  studies,  namely  LOH  at  relevant  markers,  on  the  same  fluid  specimen  used  for 
the  mitochodrial  studies.  The  ability  to  conduct  more  then  one  molecular  assay  on  the 
same  fluid  sample  offers  a  tremendous  advantage  for  early  detection  of  breast  cancer,  as 
it  increases  the  chances  to  detect  an  early  molecular  change  which  in  turn  may  indicate 
the  presence  of  an  early  cellular  transformation.  We  believe  that  testing  this  approach  is 
critical  to  establish  its  proof  of  principle  before  a  larger  study  can  be  proposed. 
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Abstract  Loss  of  heterozygosity  (LOH)  of  the  wild-type  BRCAl/2  allele  is  a  reproducible  event  in  breast 

tumors  of  BRCAl/2  mutation  carriers,  but  it  is  unknown  if  this  allelic  loss  occurs  only  in  association 
with  recognizable  histopathologic  abnormalities.  We  evaluated  the  early  genomic  changes  that  occur 
in  the  mammary  glands  of  patients  with  increased  predisposition  to  breast  cancer  due  to  germline 
mutations  in  the  BRCAl/2  genes.  We  tested  the  hypothesis  that  these  genomic  changes  may 
be  detected,  not  only  in  histologically  abnormal  and  malignant  breast  tissues,  but  also  in  morphologi¬ 
cally  normal  tissues  and  in  areas  with  pathologically  benign  changes.  Samples  were  obtained  from 
five  breast  cancer  patients:  four  BRCAI  carriers  and  one  BRCA2  carrier.  In  each  case,  nontumor 
tissue  areas  surrounding  the  tumor  or  from  other  locations  of  the  breast  were  isolated  using 
laser  capture  microdissection.  We  evaluated  29  areas  showing  normal  terminal  ductal  lobular  units 
(TDLUs)  or  histopathologically  benign  changes  (in  particular,  sclerosing  adenosis),  using  a  panel 
of  polymorphic  dinucleotide  microsatellite  markers  for  the  BRCAI  gene  and  other  chromosome  17 
loci,  for  the  BRCA2  gene  and  other  chromosome  13  loci,  and  for  the  FHIT  gene  on  chromosome 
3pl4.2.  Overall,  we  performed  a  total  of  105  analyses;  LOH  was  detected  in  59  of  the  105  (56%). 
In  the  normal  TDLUs,  15  of  30  analyses  (50%)  showed  LOH;  in  the  tissues  with  benign  proliferative 
changes,  such  as  sclerosing  adenosis,  44  of  75  analyses  showed  LOH  (59%).  Our  results  suggest 
that  there  is  a  field  effect  of  early  genetic  events  preceding  morphologic  changes  in  the  mammary 
glands  of  BRCA  mutation  carriers.  ©  2004  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

The  onset  and  progression  of  breast  cancer  involves  pro¬ 
gressive  deviations  from  normal  control  mechanisms  of 
cellular  proliferation,  followed  by  selection  and  highly 
abnormal  regulation  of  both  processes  as  genomic  instabil¬ 
ity  increases.  Breast  carcinomas  are  known  to  display  a 
high  degree  of  intratumor  genetic  heterogeneity,  without  any 
obvious  correlation  to  their  morphologic  appearance.  Breast 
cancer  progression  is  associated  with  genomic  instability 
where  loss  of  heterozygosity  (LOH)  is  a  key  mechanism  of 
inactivation  of  the  wild-type  allele,  corresponding  to  reces¬ 
sive,  loss-of-function  mutations  in  tumor  suppressor  genes 
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[1].  Because  many  patients  with  hereditary  breast  cancer 
carry  a  mutation  in  one  of  two  known  tumor  suppressor  genes, 
BRCAI  on  chromosome  17  or  BRCA2  on  chromcfisome  13, 
LOH  of  the  wild-type  BRCA  allele  may  be  the  first  genetic 
event  that  occurs  in  the  mammary  glands  of  these  patients 
beginning  carcinogenic  progression  [2-5].  Although  this  type 
of  pivotal  initial  genetic  event  is  likely,  given  the  highly 
reproducible  observation  of  BRCA  LOH  in  tumors  of  carriers 
of  BRCA  mutations,  any  correlation  of  the  initial  LOH  event 
with  specific,  early  histopathologic  changes  remains  com¬ 
pletely  unknown.  If  BRCA  genes  are  haploid  sufficient  and 
act  as  gatekeepers  of  genetic  alterations  in  mammary  epithe¬ 
lial  cells,  then  LOH  of  BRCA  loci  would  be  expected  to 
correlate  with  onset  of  an  early  epithelial  breast  abnormality 
or  abnormalities  and  would  be  evidence  of  genetic  instabil¬ 
ity  in  BRCA  carrier.  So  far,  however,  BRCAI  has  been  shown 
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to  be  haploid  sufficient  only  in  the  context  of  embryonic 
fibroblasts  of  mice  bearing  a  knockout  of  one  of  its  alleles 
[6].  An  early  manifestation  of  genomic  instability  in  human 
breast  cancer  may  promote  further  LOH  and  gene  amplifica- 
[AQ3]  tion,  such  as  amplification  of  ERBB2  and  MYC,  since  these 
alterations  seem  to  occur  throughout  all  stages  of  the  dis¬ 
ease,  from  ductal  carcinoma  in  situ  (DCIS)  onward. 

Other  studies  have  shown  an  alteration  or  reduced  expres¬ 
sion  of  the  fragile  histidine  triad  {FHIT)  gene  on  3pl4.2 
in  a  significant  fraction  of  breast  carcinomas  [7],  and  an 
association  between  these  changes  and  breast  tumor  progres¬ 
sion,  suggesting  that  F^f/Tmay  have  suppressor-like  proper¬ 
ties  [8,9].  In  familial  breast  cancer  kindreds,  early  studies 
[10]  found  a  high  frequency  of  allelic  imbalance  at  3pl4 
relative  to  the  frequency  of  allelic  imbalance  in  the  same 
region  in  sporadic  breast  cancers.  More  recent  studies  in 
5/?CA2-positive  (BRCA2+)  tumors  have  found  frequent 
FHir  LOH  and  reduced  expression  of  the  FHIT  pro¬ 
tein.  [11,12]. 

Our  objective  was  to  provide  a  better  understanding  of 
early  genomic  alterations  in  high-risk  BRCAl/2  carriers  and 
to  determine  whether  these  alterations  correspond  to  specific 
histopathologic  changes  in  the  breast.  One  approach  is  to 
determine  whether  a  field  effect  of  genetic  changes  is  present 
in  the  absence  of  histopathologic  changes  (i.e.,  in  normal 
and  benign  tissues  in  the  same  breast  with  a  J5/?CA-associated 
cancer).  A  second  approach  is  to  study  the  same  changes  in 
prophylactic  mastectomy  specimens  from  BRCAl  carriers. 
We  used  laser  capture  microdissection  (LCM)  to  selectively 
isolate  pure  mammary  epithelial  cell  populations  from  29 
terminal  ductal  lobular  units  (TDLUs)  and  from  areas  with 
benign  proliferative  changes  (e.g.,  sclerosing  adenosis)  from 
BRCAl  carriers.  In  these  studies,  we  examined  both  speci¬ 
mens  with  tumors  and  specimens  from  prophylactic  maste¬ 
ctomies.  The  samples  were  evaluated  for  LOH  using 
polymorphic  dinucleotide  microsatellite  markers.  These  in¬ 
cluded  intragenic  and  closely  linked  markers  for  the  BRCAl 
gene,  for  other  loci  on  chromosome  17,  for  the  BRCA2  gene 
(closely  linked  markers),  for  other  loci  on  chromosome  13, 
and  for  the  FHIT  gene  (intragenic)  on  chromosome  3pl4.2. 

[AQ4]  Overall,  we  performed  a  total  of  105  analyses  at  different 
loci;  LOH  was  detected  in  59  of  the  105  (56%).  To  our 
knowledge,  this  is  the  first  report  of  LOH  at  the  BRCAl/2 
loci  and  the  FHIT  gene  in  nonmalignant  mammary  epithelial 
tissue  of  BRCAl/2  mutation  carriers.  Our  results  suggest  that 
BRCA  LOH  is  an  early  genetic  change  in  the  mammary 
epithelial  cells  of  these  high-risk  patients  and  that  this  change 
is  associated  with  sclerosing  adenosis. 

2.  Materials  and  methods 

2.L  Specimen  availability 

Specimens  were  obtained  from  five  patients  of  defined 
BRCA  status  enrolled  in  the  Familial  Cancer  Registry  (Lom¬ 
bardi  Cancer  Center,  Georgetown  University):  four  BRCAl 


and  one  BRCA2  mutation  carrier.  DNA  was  extracted  from 
peripheral  blood  and  breast  tissue  samples.  All  patients  had 
invasive  ductal  carcinoma.  In  one  case  (case  1),  a  contralat¬ 
eral  prophylactic  mastectomy  specimen  was  also  available 
for  analysis.  In  another  case  (case  3),  the  patient  had  a 
lumpectomy  for  invasive  ductal  carcinoma,  followed  by 
mastectomy  due  to  positive  surgical  margins.  The  mastec¬ 
tomy  specimen  showed  foci  of  DCIS  with  no  evidence  of 
ductal  carcinoma;  both  specimens  were  available  for  analysis. 

2.2.  Histopathologic  analysis 

The  formalin-fixed,  paraffin-embedded  tissues  from  the 
above  specimens  were  examined  by  an  expert  breast  patholo¬ 
gist  (BS).  Normal  TDLUs  were  defined  as  compact  lobules 
with  fewer  than  20  lobular  buds.  Lobules  were  categorized 
as  sclerosing  adenosis  when  they  were  double  or  more  than 
double  the  size  of  the  normal  TDLUs,  and  typically  had 
increased  lobules  and  a  central  area  of  fibrosis. 

2.5.  LCM 

We  used  LCM  to  obtain  pure  cell  populations  of  selected 
areas  from  formalin-fixed,  paraffin-embedded  tissue  sec¬ 
tions.  Representative  slides  were  reviewed  by  the  pathologist 
(BS),  and  areas  of  normal  TDLUs  and  sclerosing  adenosis 
were  delineated.  Consecutive  sections  were  carefully  mi- 
crodissected  using  a  PixCell  laser  capture  microscope  (Arct- 
urus  Engineering,  Mountain  View,  CA)  as  described 
previously  [13].  On  average,  2000  cells  were  isolated  from 
each  designated  area  (Fig.  1). 

In  addition  to  the  tumors,  a  total  of  29  areas  showing 
normal  TDLUs  (10  areas)  or  benign  proliferative  changes 
such  as  sclerosing  adenosis  (19  areas)  were  evaluated  for 
evidence  of  LOH.  The  nontumor  tissues  analyzed  were  mi- 
crodissected,  using  LCM,  from  areas  adjacent  to  the  tumor 
(same  quadrant),  from  other  quadrants  of  the  same  breast, 
and  in  one  case  (a  BRCAl  mutation  carrier)  from  the  prophy¬ 
lactic  mastectomy  specimens  of  the  contralateral  normal 
breast. 

2.4  LOH  analysis 

Polymorphic  dinucleotide  microsatellite  markers,  includ¬ 
ing  markers  for  the  BRCAl  gene  (intragenic  markers  and 
closely  linked  markers),  for  other  loci  on  chromosome  17, 
for  the  BRCA2  gene  (closely  linked  markers),  for  other  loci 
on  chromosome  13,  and  for  the  FHIT  gono  on  3pl4.2  (intra¬ 
genic  markers),  were  used  to  evaluate  tissue  specimens  for 
evidence  of  LOH  (Table  1).  These  markers  were  chosen 
based  on  their  reported  high  heterozygosity  rate  [14-16]. 
Prior  to  the  analysis  of  LOH  in  the  tumor  and  adjacent  areas, 
each  microsatellite  marker  from  our  panel  was  first  evaluated 
for  informativeness  using  DNA  prepared  from  the  patient’s 
peripheral  blood.  The  tumor  tissue  and  the  normal  and  benign 
areas  surrounding  the  tumor  were  then  evaluated  for  LOH 
at  the  informative  markers. 
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After  microdissection,  the  cells  were  immediately  incu¬ 
bated  in  50  |lL  of  digestion  buffer  (Arcturus)  containing 
proteinase  K  (1  |ig/mL)  at  42°C  overnight  for  DNA  diges¬ 
tion.  After  inactivation  of  proteinase  K  (95°C  for  10  mi¬ 
nutes),  1  |xL  of  the  digestion  material  was  directly  used  as 
a  template  in  a  lO-pL  polymerase  chain  reaction  (PCR) 
reaction.  The  PCR  and  cycling  conditions  were  adapted  for 
each  primer  set  of  our  microsatellite  panel.  For  each  reaction, 


^ - 

Fig.  1.  (A)  Histologically  normal  terminal  duct  lobular  unit  (hematoxylin- 
eosin  stain,  20x)  adjacent  to  the  tumor,  from  a  BRCAl  +  patient  with  cancer, 
(B)  Lobule  after  laser  capture  microdissection.  A  majority  of  the  epithelial 
tissue  has  been  microdissected.  (C)  Area  with  sclerosing  adenosis  (arrow¬ 
head)  (hematoxylin-eosin  stain,  20x),  adjacent  to  the  tumor  from  the  same 
patient.  The  tracings  on  the  right  show  the  LOH  analysis  using  the  D17S855 
BRCAl  intragenic  marker,  performed  on  tissues  microdissected  from  the 
same  patient’s  specimens.  Tissues  studied  were  isolated  using  LCM.  From 
top  to  bottom,  studies  in  peripheral  blood  (Bl)  show  the  marker  to  be 
heterozygous.  LOH  is  detected  in  the  tumor  (T).  The  same  allele  is  also 
lost  in  normal  lobular  tissue  (Nl)  adjacent  to  the  tumor  and  in  an  area  with 
sclerosing  adenosis  (SA 1)  adjacent  to  the  tumor.  In  the  contralateral  breast, 
normal  tissues  (N2)  show  no  LOH,  but  an  area  with  sclerosing  adenosis 
(SA2)  shows  LOH  for  the  BRCAl  marker. 


the  genomic  DNA  obtained  from  the  peripheral  blood  of  the 
patient  was  included  as  normal  control  for  LOH  analysis. 
PCR  was  performed  using  a  PTC-200  thermal  cycler  (MJ 
Research,  Waltham,  MA).  The  primer  sets  were  obtained 
from  Research  Genetics  (Huntsville,  AL).  The  forward  prim¬ 
ers  for  each  set  were  labeled  using  one  of  two  fluorescent 
dyes,  HEX  or  FAM. 

Allele  sizes  were  determined  by  electrophoresis  of  PCR 
products  in  6%  denaturing  polyacrylamide  gels  and  com¬ 
pared  with  ROX  500  size  standards  (Applied  Biosystems, 
Foster  City,  CA)  using  an  automated  sequencer  (ABI  377; 
Applied  Biosystems),  according  to  manufacturer’s  instruc¬ 
tions.  The  fluorescent  signals  from  the  different  size  alleles 
were  recorded  and  analyzed  using  Applied  Biosystems  Ge- 
notyper  version  2.1  and  GeneScan  version  3.1  software. 
The  presence  of  LOH  was  determined  by  at  least  two  in¬ 
dependent  observers.  For  a  given  informative  marker,  LOH 
was  defined  by  a  decrease  of  either  peak  of  at  least  50%. 
The  results  were  read  on  computer  printouts  [14].  Each  LOtt 
experiment  was  repeated  at  least  two  times,  using  the  same 
DNA  preparations  from  different  PCR  reactions,  to  evalu¬ 
ate  the  reproducibility  of  the  results. 
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Fig.  2.  Other  examples  of  LOH  at  the  following  loci  markers  (from  left  to  right):  D13S153,  D17S785,  and  D3S1300  in  case  5  (BRCA2-h\  case  4  (BRCA1+), 
[AQIO]  and  case  3  (BRCAl +),  respectively.  In  each  panel,  the  top  tracing  shows  the  analysis  in  peripheral  blood  (Bl),  the  middle  tracing  shows  the  analysis  in 
the  tumor  (T),  and  the  bottom  tracing  shows  the  analysis  in  an  area  with  sclerosing  adenosis. 
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Table  1 


The  panel  of  polymorphic  dinucleotide  microsatellite  markers  used 


Marker 

Site  [gene] 

Size,  bp® 

Heterozygozity,  % 

DI7S786 

17pl2 

135-157 

77 

TP  53 

17pI3 

230 

90 

DI7S849 

17pl3 

215-253 

67 

D17S250 

17qll.2~ql2 

151-169 

91 

D17S806 

17q21 

153-185 

91 

D17S855 

17q2l.2  [BRCAl] 

145 

82 

D17S579 

17q21.3 

111-133 

87 

D17S785 

17q24 

181-207 

84 

DI7S784 

17q25 

226-238 

79 

D13S289 

i3ql2.1 

260-276 

74 

D13S153 

13ql4.1~ql4.3 

212-236 

82 

D13S137 

1.3ql4.3 

113-135 

84 

D13S173 

13q32~q34 

166-178 

84 

D3S1300 

3p21.1~pl4.2  [FHIT] 

217-241 

83 

D3S1481 

3pI4.2  [FHIT] 

104 

83 

®  Expected  size  range  of  the  amplified  polymerase  chain  reaction 
product. 


3.  Results 

Using  the  informative  polymorphic  dinucleotide  microsa¬ 
tellite  markers,  we  evaluated  a  total  of  29  areas  showing 
either  normal  TDLUs  (10  areas)  or  benign  proliferative 
changes  such  as  sclerosing  adenosis  (19  areas)  from  four 
BRCA1+  patients  and  one  BRCA2+  patient  with  breast 
cancer.  In  addition,  tumor  tissues  were  evaluated  in  each  case. 

[AQ5]  Overall,  we  performed  a  total  of  105  analyses  at  different 
loci;  of  these,  LOH  was  detected  in  59  studies  (56%).  In 
the  normal  tissues,  15  of  30  analyses  (50%)  showed  LOH; 
in  the  tissues  with  benign  proliferative  changes,  44  of  75 

[AQ6]  analyses  (59%)  showed  LOH.  Table  2  summarizes  the  results. 

In  all  four  cases  with  a  BRCAl  mutation  {BRCAl-^),  we 
detected  LOH  at  the  BRCAl  gene  (marker  D17S855)  in 
tumor  tissues  and  in  both  normal  areas  and  areas  with  scle¬ 
rosing  adenosis.  In  case  1  {BRCAl a  sequential  loss  of 
the  BRCAl  intragenic  marker  D17S855  was  observed  in 
distant  areas,  up  to  8.7  mm  from  the  tumor,  as  well  as  in  the 
other  three  breast  quadrants.  We  also  detected  LOH  at  this 
marker  in  the  normal  contralateral  breast,  which  had  been 
removed  prophylactically  (Fig.  1  and  Table  3).  In  that  same 
case,  LOH  at  the  D17S785  marker  on  the  distal  region  of 
17q  was  also  detected  in  the  tumor  and  the  surrounding 
normal  tissues.  In  case  2,  not  only  was  LOH  at  the  BRCAl 
marker  detected  in  both  the  tumor  and  the  surrounding  areas 
with  sclerosing  adenosis,  but  also  at  markers  D17S784  and 
D17S785  located  at  the  distal  region  of  17q.  In  case  3, 
there  was  LOH  at  the  D17S855  marker  in  the  benign  areas 


Table  2 

Number  of  microsatellite  marker  analyses  performed,  with  LOH  detected 


Total  analyses,  no. 

LOH  found,  no.  (%) 

Total 

105 

59  (56) 

Normal  TDLUs 

30 

15  (50) 

Benign  proliferative  changes 

75 

44  (59) 

surrounding  the  invasive  ductal  carcinoma.  This  same 
marker  was  also  lost  in  normal  tissues  and  tissues  with  DCIS 
in  the  same  breast,  which  was  subsequently  removed  by 
mastectomy.  Markers  D17S806  and  D17S579,  both  flanking 
the  BRCAl  gene,  were  also  lost,  but  more  distant  markers 
on  the  p  and  q  arms  of  chromosome  17  were  not  lost.  In 
Case  4,  in  addition  to  loss  of  the  BRCAl  gene  marker,  LOH 
was  detected  at  the  D17S785  marker  located  at  the  distal 
17q  region  in  the  sclerosing  adenosis  areas  (Fig.  2),  but  not 
in  the  normal  area  surrounding  the  tumor. 

In  Case  5  (5/?CA2+),  LOH  at  the  closely  linked  markers 
for  BRCA2  was  detected  in  the  tumor,  in  the  surrounding 
areas  with  normal  tissues,  and  in  sclerosing  adenosis  (Fig.  2). 

The  D3S1300  marker,  intragenic  to  the  FHIT  gene,  was 
lost  in  most  of  the  cases  studied,  except  in  case  1,  where  nofAQ7] 
LOH  for  the  FHIT  gene  was  detected.  In  case  3,  the  invasive 
tumor  and  areas  surrounding  it  (both  normal  and  sclerosing 
adenosis)  showed  LOH  at  the  FHIT  locus  (Fig.  2),  but  no 
LOH  was  detected  in  the  DCIS  specimen,  nor  in  the  areas 
surrounding  it. 

In  all  cases  where  LOH  at  the  BRCA  loci  was  detected 
in  the  areas  showing  normal  TDLUs  or  benign  proliferative 
changes,  the  same  allele  was  the  one  lost  in  the  tumor, 
suggesting  that  the  wild-type  allele  was  the  allele  lost  by 
LOH. 


4.  Discussion 

In  familial  breast  cancers  associated  with  germline  muta¬ 
tions  in  BRCAl/2  genes,  the  most  common  mechanism  of 
inactivation  in  the  tumor  is  complete  loss  of  the  wild-type 
allele  [2-5].  Although  this  is  a  highly  reproducible  observa¬ 
tion,  the  correlation  of  such  an  initial  LOH  event  with 
any  specific  histopathologic  change  or  changes  remains 
completely  unknown.  To  date,  no  studies  have  systematically 
examined  the  consequences  of  inheritance  of  a  mutation  in 
the  BRCAl  or  BRCA2  genes  for  corresponding  early  changes 
in  breast  histopathology,  nor  have  studies  addressed  the  cor¬ 
relation  of  such  early  abnormalities  in  the  breasts  of  BRCA 
mutation  carriers  with  genomic  gains  or  losses,  LOH,  or 
replication  error  repair  instability. 

In  this  study,  we  have  detected  LOH  at  multiple  loci,  not 
only  in  malignant  regions  in  the  breasts  of  BRCAl  and 
BRCA2  mutation  carriers  with  breast  cancer,  but  also  in 
morphologically  normal  TDLUs  and  in  tissues  with 
benign  proliferative  changes  (e.g.,  sclerosing  adenosis)  from 
the  same  patients.  Most  of  the  losses  detected  in  normal 
and  benign  tissues  were  also  present  in  the  tumor  tissues, 
suggesting  that  these  nonmalignant  tissues  already  harbor 
significant  genetic  alterations  that  may  predispose  to  malig¬ 
nant  transformation.  Our  results  support  the  hypothesis  that 
there  is  a  field  effect  of  genomic  aberrations,  in  which  some 
of  the  genetic  changes  detected  in  -associated  cancers 
are  also  present  in  the  nonmalignant  areas  adjacent  to  the 
tumors,  as  well  as  in  the  BRCA-\-  contralateral  prophylactic 
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Table  3 

Summary  of  LOH  analyses  at  the  BRCAl  marker  (D17S855)  in  tissues  isolated  from  case  1  {BRCA]-\-)  from  different  areas  of  the  breast  with  tumor  and 
of  the  contralateral  breast  removed  prophylactically 


Quadrant 

Tissue 

Distance  from  Tumor 

LOH  at  D17S855 

Breast  with  tumor 

Upper  outer  quadrant 

Tumor 

LOH 

Same 

Same 

Sclerosing  adenosis 

0.1  mm 

LOH 

Same 

Same 

Sclerosing  adenosis 

0.3  mm 

LOH 

Same 

Same 

Normal 

0.8  mm 

LOH 

Same 

Same 

Nonnal 

3.5  mm 

No  LOH 

Same 

Same 

Sclerosing  adenosis 

6  mm 

LOH 

Same 

Same 

Normal 

8.7  mm 

LOH 

Same 

Upper  inner  quadrant 

Sclerosing  adenosis 

LOH 

Same 

Lower  outer  quadrant 

Sclerosing  adenosis 

LOH 

Same 

Lower  inner  quadrant 

Sclerosing  adenosis 

LOH 

Contralateral  breast,  no  tumor 

Nonnal 

No  LOH 

Same 

Sclerosing  adenosis 

LOH 

mastectomy  specimens.  The  concept  of  field  cancerization 
was  originally  described  by  Slaughter  et  al.  in  1953  [17]  in 
their  study  of  oral  cancer  and  was  used  in  reference  to 
the  presence  of  preneoplastic  histologic  changes  at  multiple 
sites.  More  recent  studies  have  described  the  molecular 
changes  associated  with  the  multistep  development  and  pro¬ 
gression  of  cancer  [18].  In  several  other  studies,  morphologi¬ 
cally  normal  tissues  adjacent  to  tumors  have  been  shown  to 
harbor  molecular  changes  such  as  LOH,  microsatellite  alter¬ 
ations  [19,20],  chromosomal  instability  [21],  and  mutations 
in  the  TP 5 3  gene  [22].  Such  studies  elegantly  provide  a 
molecular  definition  of  the  old  concept  of  field  cancerization, 
and  may  indicate  the  presence  of  a  field  of  genetically  altered 
cells  that  may  be  at  higher  risk  of  cancer  transformation. 

Additional  reports,  including  our  own,  support  this  con¬ 
cept  of  a  field  effect  of  genetic  alterations  in  mammary  tissue 
specimens  from  BRCAJ/2  mutation  carriers.  Previous  studies 
of  both  familial  and  sporadic  breast  tumors  have  shown  that 
genetic  changes  can  be  detected  in  morphologically  normal 
appearing  breast  tissues.  LOH  has  been  detected  in  morpho¬ 
logically  normal  lobules,  adjacent  to  sporadic  breast  cancer, 
suggesting  the  presence  of  a  field  effect  of  preexisting  geno¬ 
mic  damage  in  the  gland,  giving  rise  to  the  tumor  [19].  LOH 
was  also  detected  in  hyperplasias  (usual  ductal  hyperplasia 
and  atypical  ductal  hyperplasia)  from  both  cancerous  and 
noncancerous  breasts  [23-25],  In  some  cases,  the  allelic 
losses  observed  in  these  hyperplasias  were  similar  to  the 
ones  frequently  seen  in  the  breast  carcinomas,  suggesting  a 
preneoplastic  condition,  a  genetically  altered  precursor  cell 
shared  with  an  adjacent  carcinoma,  or  both.  More  recently, 
normal  breast  tissues  adjacent  to  invasive  ductal  carcinomas 
from  12  breast  cancer  patients  (6  monozygotic  twin  pairs) 
who  were  negative  for  mutations  in  the  BRCAI/2  genes  were 
analyzed  for  LOH  on  chromosomes  1,13,  and  17.  Seventeen 
LOHs  were  observed  in  the  normal  tissues,  14  of  which 
were  present  in  the  corresponding  breast  tumor  [26].  In 
addition,  two  other  studies  have  shown  cytogenetic  abnor¬ 
malities  in  prophylactic  mastectomy  specimens  charac¬ 
terized  by  hyperplasia,  without  atypia,  from  patients  with  a 


positive  family  history  of  breast  cancer  (but  of  unknown 
BRCA  status)  [27,28]. 

We  have  also  examined  the  correlation  of  BRCAl  LOH 
with  F/Z/TLOH.  Deletions  of  3pl4  have  been  observed  in 
benign  proliferative  breast  disease  [27,29],  and  one  report 
has  shown  that  the  FHIT  gene  was  homozygously  deleted  in 
2  cases  of  benign  proliferative  breast  disease  associated  with 
3pl4  cytogenetic  rearrangements  and  familial  breast  cancer 
[30],  suggesting  that  loss  of  the  FHIT  gene  may  be  an 
early  event  in  mammary  carcinogenesis.  Specifically,  we 
examined  whether  F/Z/TLOH  occurs  independent  of  BRCAl 
LOH  and,  if  so,  what  are  the  histopathologic  associations 
with  such  an  observation.  Although  LOH  at  BRCAl  and 
FHIT  loci  commonly  occurred  in  the  same  specimens,  we 
have  occasionally  observed  BRCAl  LOH  in  the  absence  of 
FZZZFLOH — but  never  the  reverse.  This  observation  is  sug¬ 
gestive  of  haploid  sufficiency  of  BRCAl  gene  for  protection 
of  breast  epithelial  cells  from  chromosomal  instability.  Alter¬ 
natively,  if  FHIT  LOH  were  common  in  the  absence  of 
BRCAl  LOH,  we  might  postulate  that  FHIT  LOH  is  an 
initial  or  early  genetic  event  to  which  BRCAl  carriers  are 
predisposed.  In  such  a  scenario,  FHIT  LOH  could  even 
predispose  the  genome  to  other  genetic  changes,  including 
BRCAl  LOH.  Our  study  does  not  support  this  model. 

To  our  knowledge,  this  is  the  first  report  of  genetic 
changes  (LOH)  in  normal  TDLUs  and  in  benign  tissues  from 
breast  cancer  patients  who  are  carriers  of  mutations  in  the 
BRCAl  and  BRCAl  genes.  Such  changes  may  represent 
the  earliest  detectable  genomic  aberrations  that  occur  during 
the  development  and  progression  of  breast  cancer  in  these 
high-risk  patients.  We  conclude  that  LOH  at  the  relevant 
BRCA  loci  is  an  early  event  in  BRCA  mutation  carriers, 
and  may  be  detected  in  nonmalignant  cells.  Although  the 
significance  of  this  finding  needs  further  evaluation  in  larger 
studies,  ultimately  it  (i.e.,  LOH  at  BRCA  loci  in  nonmalig-tAQ8] 
nant  cells  of  FFC4+  patients)  might  be  used  as  a  marker 
for  elevated  risk  of  malignant  transformation  in  these  high- 
risk  patients.  The  identification  of  such  early  genetic  changes 


6 


L.R.  Cavalli  et  ai  /Cancer  Genetics  and  Cytogenetics  ■  (2004)  ■ 


will  improve  our  understanding  of  the  mechanisms  of  tumor- 
igenesis,  and  may  be  useful  for  developing  molecular  mark¬ 
ers  for  early  detection  and  diagnosis  of  hereditary  breast 
cancer  in  BRCAl/2  carriers. 
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